We explore the implications of the Standard Model effective field theory (SMEFT) with dimension-six terms involving the Higgs boson and third-generation fermion fields on the rate of Higgs boson production and decay into fermions, on the electric dipole moments (EDMs) of the electron, and on the baryon asymmetry of the Universe. We study the consequences of allowing these additional terms for each flavor separately and for combinations of two flavors.
I. INTRODUCTION
The first decade of the LHC experiments led to significant progress in our understanding of Nature. Two very important aspects of this progress have been the following:
• A new scalar particle has been discovered [1, 2] with properties that fit, within present experimental accuracy, to those of the Standard Model (SM) Higgs boson [3] [4] [5] [6] [7] [8] .
• No other new elementary particles have been discovered, with lower bounds on the mass of large classes of such hypothetical particles at the TeV scale [9, 10] .
This situation makes it plausible that the scale of new physics is high enough above the electroweak scale that its effects can be parameterized via higher-dimension operators, and motivates an interpretation of experimental results in the framework of the Standard Model effective field theory (SMEFT). The Higgs program provides a unique window into various classes of such higher-dimension terms in the Lagrangian.
We are particularly interested in dimension-six operators [11, 12] that couple the Higgs boson field to fermion fields. The presence of these additional terms provides two important features: novel CP -violating interactions [13] and violation of the SM relation between the fermion mass and its Yukawa coupling. These features lead to interesting consequences:
• Modifications to the Higgs production and decay rates, which can potentially be discovered by collider experiments;
• New contributions to the electric dipole moment of the electron (EDM), potentially within present or near-future reach of experiments;
• New contributions to the baryon asymmetry via electroweak baryogenesis (EWBG), with the potential of opening a window to solving this long-standing problem.
In this work we study these effects and their interplay for the fermions of the third generation, τ , b and t. The details and implications for the muon can be found in Ref. [14] . For previous work on the possible role of third-generation fermions in the aspect of CP violation for EWBG, see e.g. Refs. [13, 15] for quarks, and Refs. [16, 17] for the tau-lepton. This paper is organized as follows. In Section II we introduce our theoretical framework and a useful parameterization of the coupling constants. Sections III and IV present the effect of the dimension-six terms on electroweak baryogenesis and the electron EDM, respectively.
We then focus in Section V on the LHC results of Higgs boson decay rates to fermion pairs and vector boson pairs from various production channels, as well as on the modifications of the total Higgs width. We derive the constraints these measurements impose on the new physics captured in the dimension-six terms. Sections VI A and VI B present our results for single species and for combinations of two fermions. In Section VII we summarize and present our conclusions.
II. DIMENSION-SIX COMPLEX YUKAWA TERMS
We consider the following dimension-four and dimension-six Yukawa-type Lagrangian terms for the third-generation fermions (similarly to Refs. [13, 17] , but allowing also for a real part of the dimension-six term):
Here F L is the SU (2)-doublet field containing F = t, b, τ , F R is the corresponding SU (2)singlet field, H is the Higgs doublet field, and Λ is the mass scale of new physics. Without loss of generality, we take y f to be real. Substituting in the unitary gauge
leads to the following mass term and h-Yukawa couplings:
We define the ratio of the dim-6 to the dim-4 contribution to a fermion mass as our useful coordinates to be used in the following:
Thus the coefficients of the mass and Yukawa terms in Eq. (2.3) have the following values:
Once we add the dimension-six terms, we are no longer in the basis of real fermion masses.
To have m f real in the
Then, in the mass basis with a real value for the mass,
we have the following Yukawa coupling:
The dim-4 coupling y f can be written in terms of T f R , T f I via the expression (2.7) for the mass. In turn, this can be related to the SM Yukawa coupling via
Thus, the full setup of Eq. (2.1) is described by two free parameters per fermion, T f R and T f I .
III. THE BARYON ASYMMETRY Y B
The value of the baryon asymmetry is extracted from CMB measurements. It is given
by Ω b h 2 = 0.02226(23) [18] or, equivalently,
Electroweak baryogenesis is the mechanism through which a non-zero value of the baryon number density is obtained during the electroweak phase transition (EWPT). As bubbles expand to fill the universe with the non-zero vacuum expectation value of the Higgs field, CP -violating interactions across the bubble wall create a chiral asymmetry, which is then converted to a baryon asymmetry by the weak sphaleron process. Electroweak baryogenesis requires two ingredients that go beyond the SM:
• New sources of CP violation [19, 20] ;
• Modification of the EWPT such that it is strongly first order (rather than a smooth crossover, as is the case in the SM [21, 22] ).
In this work we focus on the aspect of CP violation. We thus make the following assumptions regarding the EWPT:
• There are additional degrees of freedom that lead to a strongly first-order EWPT;
• These additional degrees of freedom do not significantly affect the interactions of the SM fermion fields across the expanding bubble wall;
• There are no additional sources of CP violation from the interactions of these degrees of freedom that would significantly modify the resulting value of the baryon asymmetry.
A. Particle dynamics
We calculate the final matter-antimatter asymmetry in the Closed Time Path formalism, following [13, 17, 23, 24] . For simplicity, we provisionally consider the case that only one active fermion species with a non-zero dimension-six term provides a source for generating the asymmetry. Here we neglect first and second lepton generations due to the smallness of their Yukawa couplings (for muon-driven EWBG see Ref. [14] ). Interactions of light quarks are neglected as well, but they participate in the strong sphaleron process, which is fast at high temperatures. Gauge interactions are fast enough to be considered in equilibrium. The dimension-six term leads to both CP -odd and CP -even processes that compete to produce and wash out a CP asymmetry. The summary of the process is as follows:
• CP -violating interactions across the expanding bubble wall generate a chiral asymmetry, while CP -conserving interactions wash out the generated asymmetry.
• The strong sphaleron process produces further washout in the quark sector.
• Some of the remaining asymmetry diffuses into the symmetric phase. Diffusion is dominantly affected by gauge interactions, hence it is more efficient for leptons than for quarks.
• The weak sphaleron process is efficient only in the symmetric phase, acting on lefthanded multiplets and changing baryon number.
• The chemical potential due to the chiral asymmetry induces a preferred direction for the weak sphaleron, thus generating a baryon asymmetry.
• Finally, the bubble wall catches up and freezes in the resulting baryon number density in the broken phase.
The full dynamics described above is encoded in a coupled set of differential equations, the transport equations, one for each flavor f :
where the relaxation and Yukawa rates Γ f M , Γ f Y relate to CP -conserving interactions; the strong sphaleron rate Γ ss is non-zero only for quarks; and the weak sphaleron rate Γ f ws is non-zero only for left-handed fermions. A chemical potential µ is associated with each of these processes, and S f is the CP -violating source, which does not admit a chemical potential. The method we used to solve this set of equations and other details are presented in [25] .
B. Impact of T R and T I
The baryon asymmetry is proportional to the source, Y B ∝ S ∝ T I at lowest order. Hence the T R dependence enters only from second order in T R,I ∝ 1/Λ 2 onward, thus at O(1/Λ 4 ). 1 In addition to the dependence of the CP violation source S f on the dimension-six terms, 
4)
Here
Our numerical calculation yields, to leading order 2 in T I , T R , for T R = 0 and parameters as in Appendix B and [25] ,
We learn that the relevant range for each of the third generation fermions to account for the baryon asymmetry is The dimension-six terms contribute also to d e . We rewrite the relevant results obtained in Ref. [27] in terms of our parameterization. The finite contributions from the Barr-Zee
, there are contributions from both dim-6 terms squared and dim-4 times dim-8 terms. The contribution from the former is, however, enhanced by 1/y f compared to the latter, and therefore, for the b-quark and for the τ -lepton, the latter can be neglected. For the effects of dim-8 terms on Y B from a complex t-Yukawa, see Ref. [13] . 2 For large T I , T R , the dependence via Eq. (2.9) will become relevant. diagrams are given by
Working in the real mass basis and using the full Yukawa interaction (2.8), the sum of the t, b, τ finite contributions becomes
Hence, the leading dim-6 dependence is on T f I , but through (y f /y SM f ) given in Eq. (2.9) also on T f R :
We learn that for y f = O(y SM f ), the sensitivity of the current searches for d e is
Additional constraints arise from measurements of the electric dipole moments of the neutron, mercury or thalium, see Refs. [28] [29] [30] and references therein. However, both the hadronic and matrix element uncertainties, and possible cancellations [31] from CP-odd contributions involving the top and/or the bottom quark to these observables via Barr-Zee diagrams, the Weinberg operator, chromo-electric dipole moments for light quarks etc., make the constraints on T t,b I weaker. In the case of a nonzero T τ I , there is only a Barr-Zee type contribution to the neutron EDM. However, given the current experimental upper bound on the neutron EDM [32] , it does not provide a stronger constraint on T τ I .
V. HIGGS PRODUCTION AND DECAY
In this section, we derive the dependence of Higgs production and decay rates on T R and T I for cases where either one or two Yukawa couplings of third generation fermions are modified by dim-6 contributions. We then present those collider processes that are most sensitive to the considered coupling modifications, and their current experimental bound. In order to obtain the strongest available bound from Run-2 data, we combine the published values of ATLAS and CMS in a naive theorists' approach as the weighted mean with symmetric upper and lower uncertainties. The details of individual rates and their underlying data sets are summarized in Appendix A 1.
A. Signal strength
The Higgs signal strength of production mode I (such as I = ggF) and decay channel into a final state F is defined as
where Γ h is the total Higgs width. To extract the dependence of µ F I on the SMEFT parameters, it is convenient to define the dimensionless parameters r f :
Production rates
The main production modes of the discovered Higgs boson at m h = 125 GeV are gluon fusion (ggF), associated tth and th production (together denoted as tth), vector-boson associated production (V h, V = Z, W ) and vector-boson fusion (VBF). The ggF and tth production rates are proportional to |λ t | 2 (neglecting the very small b quark contribution),
whereas the V h and VBF rates do not depend on any Yukawa coupling:
Decay rates
We consider modifications of decays into fermion pairs F =f f . We obtain:
We also make use of decays into the weak vector-bosons: 
where we neglect the modification of the total width by the λ t -induced change of h → γγ due to the small BR SM γ ∼ 0.002. The total width is constrained as 0.08 MeV ≤ Γ h ≤ 9.16 MeV at 95% C.L.by CMS [34] , assuming an SM-like coupling structure, which applies in the considered framework. The SM prediction is Γ SM h = 4.1 MeV.
B. Single-flavor modification
Consider the case that a single Yukawa coupling λ f is modified. For µ f =μ f witĥ
the expression for the signal strength
defines a circle in the (T R , T I ) plane
,
(5.10)
Thus, for a given BR SM f , only a certain range of µ f yields a real solution:
(5.11) 3 In the vicinity ofμ f , the radius gets very large. Precisely at that value, the solutions of (5. It is interesting to note that, even for µ f = 1, there exist solutions other than the trivial T f R = T f I = 0 one, and they are independent of BR SM f : T f R0 = −1/4 and R f T = 1/4 such that
Thus, even if experiments close in on µ f = 1, there will be an allowed circle in the (T f R , T f I ) plane. In particular, a new source of CP violation, T f I = 0 (with |T f I | ≤ 1/4), will be allowed. An experimental range, µ min ≤ µ ≤ µ max , translates into an allowed region between two circles in this plane.
λ τ
The Yukawa coupling λ τ is constrained by measurements of µ τ + τ − . If only the τ Yukawa coupling is modified by dim-6 terms, then only Γ(h → τ + τ − ) and Γ h are modified from their SM predictions. One can therefore combine the measurements of all Higgs production modes with the Higgs decaying into a pair of tau-leptons (for further details, see Table II) : 
λ b
The Yukawa coupling λ b is constrained by measurements of µ bb via Eq. Neglecting the 1% bottom loop contribution to ggF, we combine all available production modes with the subsequent decay of h → bb (see Table II ) as
which is dominated by µ bb V h . The fact that a modification of λ b affects not only Γ(h → bb) but also the total width, Γ h , has a significant impact on the resulting LHC-allowed ring in the (T b R , T b I ) plane, broadening it with respect to the case of a final state with a low branching ratio.
The constraint on T b R , T b I from the total Higgs width is comparable to but weaker than from Eq. (5.14) for negative T b R , and significantly weaker for positive T b R . Therefore, it is not shown in Fig. 1 .
λ t
The Yukawa coupling λ t is constrained by measurements of µ ggF , µ tth and µ γγ . The latter provides a weaker constraint than the former two, so we do not use it. If the only modified Yukawa coupling is that of the top quark, then it is meaningful to combine the signal strengths of all of these top-mediated production processes, with all decays fixed to their SM values: 15) which is dominated by the ggF process. For details see Table III . Using Eq. C. Two-flavor modification
In the presence of two dim-6 Yukawa terms, the modifications of Higgs production and/or decay can be grouped into the two categories detailed in Table I . The dependence of the signal strengths on the modified Yukawa interactions r f and on the SM branching ratios is 
ggF+tth, h → bb given by
A:
Here the lower index of the signal strength µ denotes the modification of the Higgs production cross section whereas the upper index refers to the modification of the partial decay width, keeping in mind that the total Higgs width is modified by all modified Yukawa couplings.
In addition to the combinations A and B, we also evaluate the constraint from the total width itself with the dependence on r f given in Eq. (5.6). However, the present experimental bound on the total width [34] does not lead to to a constraint on T 
λ t and λ τ
For this combination of couplings, we use three relevant constraints:
Because of the significantly higher precision of µ τ τ ggF compared to µ τ τ tth (see Table II ), we do not combine both production modes for the decay into τ τ , but use µ τ τ ggF . The theoretical expression for this channel is given by Eq. (5.17) with f 1 = t, f 2 = τ .
The combination of the t-independent production processes VBF and V h, followed by the decay into τ + τ − , constrains T τ I with a mild dependence on T t I due to the modification of the total Higgs width, see Eq. (5.16) with f 1 = τ .
The opposite combination of Higgs production via λ t and the decay into V V mainly constrains T t I with a mild dependence on T τ I via Γ h . The structure of the signal strength µ V V t is given by Eq. (5.16) with f 1 = t and f 2 = τ .
λ t and λ b
The combination of T t I and T b I is constrained by 
VI. RESULTS

A. Single flavor modification
We present in this section the results of our combined analysis of three physical observables: Y B , d e and µ f , from a single flavor source. We note the following points: 
λ τ
The constraints on (T τ R , T τ I ) are presented in Fig. 1 (left (and similar bounds further below) for three reasons:
• In our calculations, we use bubble wall parameters that are optimal for generating Y B .
The upper bound implies by how much these parameters can be less than optimal, and yet a complex λ τ can provide the CP -violation necessary for baryogenesis.
• Similarly, the upper bound gives a sense for how sensitive our conclusions are with respect to uncertainties and approximations in the Y B calculation.
• The upper bound is informative on which future experiments can test this scenario in a definitive way.
λ b
The constraints on (T b R , T b I ) are presented in Fig. 1 (right) . Generating sufficient CP violation from a complex λ b requires |T b I | > 1 (see Eq. (3.5)). Therefore we conclude that λ b cannot serve as the only source of CP violation to account for Y obs B . While the µ bb constraint 
The constraints on (T t R , T t I ) are presented in Fig. 2 . The constraint on T t I from µ ggF+tth is three orders of magnitude weaker than from d e . Thus, while the former by itself would
, the latter restricts it:
The right plot presents a zoomed-in version of the figure to illustrate the strength of the EDM constraint, reducing the collider ring to two strips, one around the origin, and a narrow one around T t R −0.5. The latter translates to Λ/ X t R v, thus the EFT assumptions might not be fulfilled in this particular region of large negative T t R whereas the cutoff scale is well above v in the strip around the origin. The calculation of Y (t) B is affected by larger uncertainties than in the τ -and b-cases due to the less suppressed higher-dimensional terms and the non-negligible higher-order effects in the VEV-insertion approximation [35] . The constraints in the (T τ I , T t I ) plane, for T τ R = T t R = 0, are presented in Fig. 4 . A much larger range of negative
Here, T t I cancels against T τ I in d e , and maintains µ τ + τ − within bounds by decreasing the ggF and tth production rates. The maximal baryon asymmetry reached within the allowed range is
The constraints in the (T b I , T t I ) plane, for T b R = T t R = 0, are presented in Fig. 5 . The LHC bounds on µ V V ggF+tth in combination with the electron EDM constrain T b I to within a range such that This corresponds to being very close to the point along the µ τ = 1 circle that maximizes the baryon asymmetry, while the b only slightly reduces the produced baryon asymmetry.
Indeed, simply maximizing the baryon asymmetry along µ τ = 1 with
VII. CONCLUSIONS
We studied in detail aspects of CP violation in the SMEFT. Specifically, we considered dimension-six terms involving the Higgs field and the third generation fermion fields, and analyzed the consequences for electroweak baryogenesis, for the electric dipole moment of the electron, and for Higgs production and decay rates. There is an interesting interplay between the three constraints. Our main conclusions are the following:
• A complex Yukawa coupling of the tau-lepton can provide large enough CP violation to account for the baryon asymmetry.
• A complex Yukawa coupling of neither the top-quark quark nor the bottom-quark can provide large enough CP violation to account for the baryon asymmetry:
• The reason why the tau-lepton is more successful than the bottom-or the top-quark is that the strong sphalerons do not act on the tau-lepton. Therefore, the asymmetry created by a complex tau-Yukawa coupling is not washed out as strongly as the one of the quarks. Furthermore, the large leptonic diffusion coefficients, see Eq. B3, enable an efficient diffusion of the asymmetry into the broken phase. These effects overcompensate the smaller, but still sizeable, τ -Yukawa coupling.
• Limited by the upper bound on µ µ + µ − , a complex Yukawa coupling of the muon can account for 0.16Y obs B [14] , i.e. for more than the third-generations quarks, due to the advantages of leptons as for the τ despite the smaller y SM µ . Even a future measurement of µ µ + µ − = 1 would allow for 0.12Y obs B , which remains more than from t or b. • There can be substantial cancellations between the contributions of the third generation fermions to d e , that are not necessarily accompanied by cancellations in their contributions to Y B . In fact, one can have:
In other words, we can have successful electroweak baryogenesis without having a signal for the electron dipole moment of the electron.
• Such cancellations allow T τ I to further increase Y
Consequently, nearfuture measurements of d e or µ τ + τ − are unlikely to exclude the scenario of τ -driven electroweak baryogenesis.
• In fact, even if future experimental measurements establish d e 0 and µ F I 1 in all relevant modes, the scenario where a complex λ τ provides the CP violation that is necessary for baryogenesis will not be excluded.
• Measuring CP violation in the decays of h → τ + τ − is crucial to determine the viability of baryogenesis in this SMEFT framework with dimension six couplings. We have shown that the τ interactions are the only stand-alone option for generating the matter-antimatter asymmetry of the Universe. This situation implies that a significant step in probing the CP violation aspect of electroweak baryogenesis in the SMEFT framework can be achieved by searching for CP violation in h → τ + τ − decays. Thus, CP violation properties of the τ -lepton interactions should be a priority experimentally as this could provide the most significant constraints on the viability of electroweak baryogenesis in the context of the SMEFT framework.
In the future it will be important to further improve the sensitivity to a possible CP -odd component of this coupling at the LHC and future colliders, and to evaluate the baryon asymmetry corresponding to the constrained amount of CP -violation. An experimental HL-LHC projection [36] and several phenomenological analyses [37] [38] [39] [40] have already been performed in this direction. Machine Learning (ML) may also play a useful role in further scrutinizing the CP nature of the Higgs-τ interaction [41, 42] . In addition, CP analyses of the t-Higgs coupling have been proposed, including ML [43] [44] [45] .
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The bubble wall velocity and width are taken from [17] , with values v w = 0.05 , L w = 0.11 GeV −1 , respectively. We apply the VEV-insertion approximation as well as the diffusion approximation. The diffusion coefficients are approximately given by [55, 56] D l R = 380/T ,
The thermal widths are [57] Γ lepton ≈ 0.002T , Γ quark. ≈ 0.16T .
Finally, the sphaleron rates are given by [58, 59] Γ ws (z) = 120α 5 w T N Θ(z < 0) , Γ ss = 14α 4 s T N .
